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Shape resonances and nonadiabatic dynamics in O„3Pj…¿He collisions at cold
and ultracold temperatures

R. V. Krems and A. Dalgarno
Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138
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The dynamics of the elastic and inelastic scattering of helium atoms in collisions with oxygen atoms in
different fine-structure levels O(3Pj ) at cold and ultracold temperatures is investigated using two sets of
interaction potentials of the molecule HeO in the groundS andP states. Scattering resonances occur in the
collisions at low energies. The positions and shapes of the resonance peaks in the inelastic channels do not
always mirror those in the elastic channels. The real parts of the scattering lengths are all positive with values
in the range 2.5–4.2 Å. The rate coefficients for the quenching of the3P0 and 3P1 fine-structure levels
decrease almost by one order of magnitude as the temperature decreases from 1 to 0 K and their zero
temperature values are, respectively, 3.09310212 and 3.27310212 cm3 sec21.

DOI: 10.1103/PhysRevA.66.012702 PACS number~s!: 34.50.2s, 03.65.Nk
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I. INTRODUCTION

The experimental achievement of Bose-Einstein cond
sation in atomic gases@1–5# has opened up new areas
research@6,7# on the dynamics of ultracold molecular sy
tems. Several theoretical studies of atomic and molec
collisions @8–16# have been carried out in order to compu
rate coefficients for inelastic scattering at temperatures c
to zero. Quantum-mechanical calculations of Balakrishn
and co-workers@8–11# demonstrated that the collision dy
namics of diatomic molecules with atoms at these low te
peratures is generally determined by the Wigner behavio
the cross sections. A multichannel effective range theory
introduced@12# for the analysis of threshold relaxation, an
Feshbach resonances in elastic He-H2 scattering were ana
lyzed @14# in order to provide relationships between the lif
times of vibrational and rotational predissociation of the v
der Waals molecule and the scattering lengths atT50 K.
Several calculations@10,11,15–18# indicated that the energ
dependence of cross sections for inelastic transitions
atomic and molecular collisions at low energies is grea
influenced by scattering resonances.

Because the efficiency of cooling atoms and molecule
ultracold temperatures depends on the relative magnitud
the elastic and inelastic cross sections, it is important to
derstand the relation between resonances in the elastic
inelastic channels. Investigations of electron-atom@20,21#,
electron-molecule @22,23# and reactive atom-molecul
@24,25# collisions have provided a general explanation of
mechanisms of resonance scattering in multichannel c
sion problems@26#. It is often assumed that the positions a
widths of resonance peaks in the inelastic cross sections
ror those of shape and Feshbach resonances in the e
cross sections, because when the collision complex
trapped in a resonance state, it stays longer in a region w
the coupling between different states is strong. Dynam
constraints such as selection rules for some transitions
affect this assumption, and accurate quantum calculation
cross sections are needed in order to understand the
temperature behavior of particular systems.
1050-2947/2002/66~1!/012702~9!/$20.00 66 0127
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In this paper we present a partial-wave analysis of cr
sections for elastic and inelastic scattering of O(3Pj ) atoms
by He atoms at low collision energies. The dynamics
O-He collisions at high temperatures has been studied pr
ously @16,19,27#. The investigators of electronic relaxation
low temperatures@15# found that cross sections for the3P0
→3P1 and 3P0→3P2 transitions in oxygen exhibit reso
nance structure at collision energies less than 10 cm21.
Highly accurate potentials for the O-He interaction ha
been recently constructed from experimental measurem
in crossed molecular beams@28#, in conjunction with large-
scaleab initio calculations@16#. Although the overall agree
ment of the different potentials is good, there are small d
crepancies in the long-range part of the interaction@16#. The
analysis of the sensitivity of the O1He dynamics at ultracold
temperatures to the interaction potentials should give an
sessment of the absolute accuracy that can be achieve
theoretical calculations of rate coefficients for energy tra
fer in atomic collisions atT→0 K.

Because oxygen atoms in their ground state are param
netic, they can be cooled and trapped at ultracold temp
tures with the state-of-the-art buffer-gas loading techniq
@5#. Buffer-gas cooling of atomic oxygen has not yet be
demonstrated because of the difficulty to detect the oxy
atoms in ultracold traps. Oxygen is an important constitu
in many biological and atmospheric processes. The trapp
of oxygen at ultracold temperatures may lead to precise
vestigations of oxygen-containing molecules. It is hoped t
this work will stimulate further development of experimen
for buffer-gas cooling of oxygen.

II. COMPUTATION DETAILS

A. Dynamical calculations

The methodology of our calculations of cross sections
O(3P)-He collisions is based on the theory described
Reid @29#, Mies @30# and Alexander, Orlikowski, and Strau
@31#. In brief, the molecular basis functions are construc
as products of atomic wave functions of O(3P) and He(1S)
in the u j V& representation, wherej is the total electronic
©2002 The American Physical Society02-1
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TABLE I. The coupling matrix of theV̂es operator for the O-He system.

( j V)/( j 8V8) 2-2 2-1 20 21 22 1-1 10 11 00

2-2 VP

2-1 (VP1VS)/2 (VS2VP)/2
20 (VP12VS)/3 &~VP2VS!

3
21 (VP1VS)/2 (VP2VS)/2
22 VP

1-1 (VS2VP)/2 (VP1VS)/2
10 VP

11 (VP2VS)/2 (VP1VS)/2

00 &~VP2VS!

3

2VP1VS
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angular momentum of the atoms andV is the projection ofj
onto the interatomic axis@16,19#. The total Hamiltonian of
the He-O system is expressed as

Ĥ52
1

2m

d2

dR2 1VCF1VES1VSO, ~1!

whereR is the interatomic separation andm is the reduced
mass of the colliding particles.VES is the electronic Hamil-
tonian,VSO is the spin-orbit interaction, andVCF is the op-
erator of the Coriolis interaction given by

VCF5
1

2mR2 @ Ĵ21 ̂222Ĵz ̂z2 Ĵ1 ̂22 Ĵ2̂1#. ~2!

In this expressionJ is the total angular momentum for th
collision, andĴ6 and ̂6 are the corresponding ladder oper
tors. The elements of theVCF matrix can be readily written
down in theu j V& basis set@32#. The operator for the spin
orbit interaction is approximated by its value for atomic ox
gen and it is diagonal in theu j V& representation with ele
ments corresponding to the asymptotic energies of
oxygen fine-structure levels@19#.

The expansion of the total scattering wave function in
atomic basis functions leads to a system of nine coup
equations to be solved for expansion coefficientsF j V

J at cho-
sen values of the total energyE and total angular momentum
J>2:

F d2

dR2 1kj
2GF j V

J 52m (
j 8,V8

U j V; j 8V8
J F j 8V8

J . ~3!

In this equationkj
252m(E2D j ), D j is the asymptotic en-

ergy of the 3Pj scattering channel equal to the spin-or
splitting in the oxygen atom, and the coupling matrixU is a
sum of theVES and VCF matrices. WhenJ50 or J51, the
system of equations~3! reduces to three or seven coupl
equations, respectively. The elements of theVES matrix can
01270
e
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be expressed in terms of the potentialsVS andVP of He-O
@19,31,33#. We present theVES coupling matrix in Table I.

The system of equations~3! was solved numerically using
the log-derivative propagator of Manolopoulos@34#. The
asymptotic log-derivative matrix was then transformed to
u jl & representation of basis functions using the relation

u j l &5S 2l 11

2J11D 1/2

(
V

F j l J
V 0 2V G u j V&, ~4!

wherel is the orbital angular momentum for the collision an
the symbols in the brackets are the Clebsch-Gordan co
cients. The transformation~4! ensures that the molecula
channels have the correct asymptotic behavior correspon
to states with a given orbital angular momentuml. The S
matrix is constructed from the log-derivative matrix. The t
tal elastic and inelastic cross sections may be expresse
terms of the partial opacity cross sections according to

s j→ j 85(
J

s j→ j 8
J , ~5!

where

s j→ j 8
J

5
p

kj
2~2 j 11!

~2J11!(
l

(
l 8

uSjl → j 8 l 8
J

2d j l , j 8 l 8u
2.

~6!

In the zero-temperature limit, where the collision dyna
ics is governed by the Wigner threshold law, the elastic a
inelastic cross sections can be expressed in terms of the
tering length as follows@12#:

s j
el54p~a j

21b j
2! ~7!

and

s j
in54pb j

2/kj , ~8!
2-2
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SHAPE RESONANCES AND NONADIABATIC DYNAMICS . . . PHYSICAL REVIEW A 66, 012702 ~2002!
wherea andb are the real and imaginary parts of the sc
tering length, respectively. The imaginary part of the scat
ing length is directly proportional to the zero-temperatu
rate coefficient for electronic relaxation of thej channel@12#:

kj~T→0!54pb j\/m. ~9!

The relative magnitudes ofa and b characterize quantita
tively the threshold dynamics and determine whether
cooling of the system to ultracold temperatures will be e
cient.

The potentialsVS andVP for the He-O interaction have
been experimentally determined by Aquilanti and co-work
@28# and obtained theoretically using theab initio coupled
cluster method at the single and double excitation leve
theory @16#. The calculations reported here are perform
with both sets of the interaction potentials. We refer to
potentials of Aquilanti and co-workers as scattering or e
pirical potentials, and the potentials from Ref.@16# as ab
initio potentials. The behavior of theab initio and empirical
potentials in the region of the interaction minimum is pr
sented in Fig. 1. Although the overall agreement of the d
ferent potentials is good there are small differences betw
theab initio and empirical potentials in the region of the va
der Waals minimum and long-range parts of the interacti
These deviations have little effect on the high-temperat
dynamics of O-He scattering@16# but may be significant for
collisions at low temperatures.

In order to obtain converged solutions at ultralow co
sion energies, the system of Eqs.~3! is propagated to a maxi
mum value of the interparticle distanceR550 Å with a very
small integration step. Ten partial waves are assumed in
summation~6! unless otherwise stated. TheS matrices and
cross sections are computed at 30 000 energy points in
interval between 1028 and 10 cm21. The present model o
O-He collisions neglecting contributions from excited ele
tronic states of the HeO molecule is particularly suited
calculations at low collision energies@16#. It is also superior
to alternative time-dependent techniques, which are often
stable or may produce artifacts due to improper absorb
boundaries at ultralow collision energies.

FIG. 1. Left panel:VS ~upper curves! and VP ~lower curves!
potentials for O(3P)-He interaction. Right panel:VS2VP . Full
curves, empirical potentials@28#; broken curves,ab initio potentials
@16#.
01270
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B. Resonance parameters from theS matrix

The scattering resonances are characterized by posi
and widths. These parameters can conveniently be de
mined using the lifetime matrix theory developed by Sm
@36# and utilized in investigation of resonances in electro
atom collisions@20,21#, electron-molecule collisions@22#,
and the photodetachment of H2 @37#. The lifetime matrixQ
is related to the scatteringS matrix ~in atomic units! @36#:

Q52 iS1
dS

dE
. ~10!

As a consequence of the unitarity of theS matrix, the Q
matrix is Hermitian and its eigenvalues correspond to
lifetimes of the collision metastable states. In the vicinity
an isolated resonance one eigenvalueqmax is significantly
larger than all the others and it yields the lifetime of t
resonance. The energy dependence ofqmax then has a Lorent-
zian shape

qmax5
G r

~Er2E!21~G r /2!2 , ~11!

whereEr andG r are the position and the width of the res
nance. By constructing and diagonalizing theQ matrix on a
set of closely spaced energies in the vicinity of the reson
enhancement of the cross sections, the energy dependen
qmax can be obtained and fitted to the form~11!, yielding the
values ofEr andG r .

III. RESULTS

The 3P0 state of oxygen has the highest energy of t
three 3Pj levels. The energy splitting between the3P0 and
3P2 levels is 226.6 cm21 and between3P0 and 3P1 it is 68.5
cm21 @35#. As shown in Table I there is no direct couplin
between the3P0 and 3P1 states. The3P0→3P1 transition
occurs by a three-step mechanism proceeding via the3P2
state, and it is supported by Coriolis coupling between
j 52 sublevels@19#. This transition is forbidden fors waves
@15#. Its cross section quickly becomes very small as
collision energy decreases@16#. The 3P0→3P2 relaxation
results in a large energy release and affects the ultra
dynamics of He-O collisions most significantly.

Figure 2 presents the energy dependence of the cross
tions for elastic and inelastics-wave scattering of O(3P0) by
He at ultralow collision energies computed with two sets
interaction potentials. The relaxation cross section rises
accord with the Wigner threshold law and exceeds the ela
cross section at energies less than 1023 cm21. The elastic
cross section has oscillations whose maxima occur when
phase shift passes through multiples ofp/2 and it tends to a
constant value as the velocity approaches zero. Table I sh
that the nonadiabatic coupling responsible for the3P0
→3P2 relaxation is determined by the difference of theVS

andVP potentials depicted in the right panel of Fig. 1. Th
deviation between the empirical and computed values of
VS2VP difference reaches several wave numbers in the
der Waals region. TheVS and VP potentials~left panel of
2-3
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R. V. KREMS AND A. DALGARNO PHYSICAL REVIEW A66, 012702 ~2002!
Fig. 1! of the initial and final states of HeO are in poor
agreement. Figure 2 shows that these differences have
effect on the threshold relaxation of O(3P0). The elastic
cross section is much more sensitive to the details of
interaction at low collision energies, where the ratio betwe
the cross sections computed with different potentials reac
a factor of 1.7. The agreement between the elastic cross
tions is good at collision energies larger than 0.1 cm21. The
elastic cross section computed from a single diabatic em
cal potential ~the matrix element̂ j 50,V50uV̂esu j 50,V
50& in Table I! is presented in Figure 2. The nonadiaba
coupling of the spin-orbit states is not significant except
very low collision energies, where it increases the magnit
of the elastic cross section.

In order to characterize quantitatively the dynamics
O(3P0)-He collisions in the limit of vanishing temperatur
we present in Table II the values of the real and imagin
parts of the scattering length. The large values ofb demon-
strate that inelastic energy transfer is efficient at zero te

FIG. 2. Cross sections fors-wave inelastic~a! and elastic~b!
O(3P0)-He collisions. Full curves, calculations with the empiric
potentials; dotted curves, calculations with theab initio potentials;
broken curve, calculations with a single empirical diabatic poten

TABLE II. Real and imaginary parts of the scattering length~Å!
for O(3Pj )-He collisions.

Potential

j 50 j 51 j 52

a j b j a j b j a j b j

ab initio 3.669 0.124 4.157 0.131 3.638 0
Empirical 2.588 0.117 2.963 0.135 2.529 0
01270
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perature. The deviation between theb values computed with
the two different potentials is only a few percent.

The dynamics of O(3P1)-He scattering in the limit of
vanishing collision velocity is similar to the dynamics o
O(3P0)-He collisions ~Fig. 2!. The inelastic cross sectio
rises to infinity in agreement with the Wigner law@16# and
the elastic cross section tends to a constant as the colli
energy decreases. The real and imaginary parts of the z
temperature scattering length for O(3P1)-He collisions are
given in Table II. The values ofb describing the relaxation
of j 50 and j 51 at T50 K have almost the same magn
tude. This result indicates that the dynamics of inelastic c
lisions at ultracold temperatures is largely determined by
nonadiabatic coupling, which is nearly the same between
j 50 and j 52 states as it is between thej 51 and j 52
states.

It has been shown@8–11# that the rate coefficients fo
vibrational relaxation of diatomic molecules in collision
with atoms are finite and can have large magnitudes in
limit of zero temperature. It is interesting to see if the ra
coefficients for electronic relaxation in the present system
also significant atT50 K. Theb values from Table II can be
converted to rate coefficients for electronic relaxati
of spin-orbit excited oxygen using the expression~9!. The
values of the rate coefficients thus computed with
ab initio potentials are 0.309310211 cm3 sec21 for relax-
ation of O(3P0) and 0.327310211 cm3 sec21 for relaxation
of O(3P1).

We also present in Table II the value of the scatter
length for He-O(3P2) collisions, for which only the elastic
channel is open.

Because several experimental techniques developed
cently for trapping atoms and molecules at ultracold te
peratures~see, e.g.,@5#! rely on collisional cooling starting
from temperature 1 K, it is important to analyze the tempe
ture dependence of the rate coefficients for inelastic re
ation in the temperature interval between 0 and 1 K~Fig. 3!.
The rate coefficients for relaxation of both spin-orbit excit

l.

FIG. 3. Rate coefficients for spin-orbit relaxation of O(3P0)
~full curve! and O(3P1) ~broken curve! in collisions with He atoms.
2-4
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SHAPE RESONANCES AND NONADIABATIC DYNAMICS . . . PHYSICAL REVIEW A 66, 012702 ~2002!
states of oxygen are maximal at temperature near 1 K and
decrease monotonically to their zero-temperature value.
rate coefficients become constant at temperatures be
1022 K. The value of the rate coefficient at 1 K exceeds t
zero-temperature values by a factor of 7 for relaxation
O(3P1) and a factor of 10 for relaxation of O(3P0).

The cross sections for electronic relaxation of O(3P0) by
He are greatly influenced by scattering resonances at c
sion energies between 1 and 20 cm21 @16#. Figure 4 presents
partial-wave cross sections@Eq. ~6!# for the 3P0→3P2 relax-
ation in O-He collisions computed with two potentials. T
cross sections foreverypartial wave show resonancelike e
hancement. The positions and magnitudes of the peaks
quite sensitive to the interaction potential with the bigg
effect observed forJ53. We plot in Fig. 5 the partial-wave
cross sections for elastic O(3P0)-He scattering in the sam
energy interval. The positions and magnitudes of all the
served resonance peaks in the elastic and inelastic collis
of O(3P0) with He are listed in Table III. The elastic cros
sections forJ51 andJ52 do not show any resonance stru
ture and behave similarly to thes-wave cross section at en
ergies larger than 1 cm21 ~cf. Fig. 2!. The J53 andJ54
elastic cross sections show large resonance peaks posit
approximately at the same energy as the resonance pea
the inelastic cross sections.

To investigate the sensitivity of the resonances to
nonadiabatic coupling, we compare the elastic cross sect
obtained in the full close-coupling calculations and from
single diabatic potential~broken curves in Fig. 5!. The nona-
diabatic interaction is not important for theJ51 andJ52
cross sections but changes the magnitude of the reson

FIG. 4. Cross sections for inelastic O(3P0)-He scattering. Full
curves, calculations with the empirical potentials; dotted curv
calculations with theab initio potentials.
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peaks for the cross sections corresponding to the pa
wavesJ53 – 7. The positions of the resonances in the pr
ence of the coupling and without the nonadiabatic interact
are similar except for theJ53 case. The position of theJ
53 resonance is more sensitive to the interaction poten
than the positions of the other resonances. Thus, the c
section computed with theab initio potentials peaks at 0.96
cm21 for the elastic collision and at 0.934 cm21 for the in-
elastic collision while the position of the maximum in th
cross section computed from the scattering potentials lie
much lower energies of 0.384 cm21 for the elastic collision
and 0.374 cm21 for the inelastic collision. If the coupling
between thej 50 and j 52 states is neglected the elast
peak shifts to the even lower energy of 0.184 cm21. The
magnitudes of the cross sections at theJ53 resonance peak
are also very sensitive to both the interaction potential a
the magnitude of nonadiabatic coupling. The ratio of t
resonance peaks in the elastic and inelastic cross sec
computed from theab initio potentials is'3, while with the
empirical potentials the ratio is 0.16. The magnitude of
J53 peak in the elastic cross section increases by abo
factor of 20 if the nonadiabatic coupling is neglected.

The observed peaks in the elastic and inelastic cross
tions are due to shape resonances in the entrance He-O(3P0)
channel. In order to identify these resonances, we have
agonalized theQ matrix @Eq. ~10!# on a set of closely space
collision energies spanning the interval between 0.01 and
cm21 and fitted the largest eigenvalue of theQ matrix by the
Lorentzian function~11!. The positions and widths of the
resonances thus obtained are listed in Table IV forJ53 – 7.

s,
FIG. 5. Cross sections for elastic O(3P0)-He scattering. Full

curves, calculations with the empirical potentials; dotted curv
calculations with theab initio potentials; broken curves, calcula
tions with a single diabatic potential.
2-5
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TABLE III. Positions ~Em in cm21! and magnitudes~sm in Å2! of maxima in the partial-wave cros
sections for relaxation of O(3P0) by collisions with He. The superscript ‘‘el’’ denotes the elastic cross sec
and the superscript ‘‘eld’’ denotes the elastic cross section computed from a single diabatic potenti
notation a and e is used to designate the values computed with theab initio and empirical potentials,
respectively. The values in parentheses correspond to the3P0→3P1 relaxation of oxygen.

J

sa
el sa se

el se se
eld

Em sm Em sm Em sm Em sm Em sm

1 0.126 10.66 0.146
~0.146!

7.86
(1.8931023)

2 0.438 9.60 0.682
~0.684!

5.18
(3.6931023)

3 0.962 275.97 0.934 89.89 0.384 23.59 0.374
~0.375!

145.97
~0.220!

0.184 2152.42

4 3.310 155.51 3.194 8.88 2.580 188.90 2.542
~2.542!

18.88
(4.2531023)

2.428 243.42

5 6.898 91.24 6.878 2.64 5.918 111.12 5.882
~5.888!

3.79
(1.2331022)

5.760 123.07

6 11.718 59.74 12.842 1.28 10.568 72.90 10.904
~10.953!

1.49
(6.5531023)

10.424 78.04

7 17.678 41.79 26.014 0.85 16.530 51.58 18.518
~18.868!

0.83
(4.6831023)

16.460 54.57
th
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It should be noted that in order to obtain the best fits to
broad resonances at largeJ values we have added to Eq.~11!
a suitable constant representing the background contribu
There is a Lorentzian enhancement ofqmax for J51 andJ
52, but the magnitudes of the peaks are so small that
cause of inaccuracies due to numerical differentiation of
S matrix we could not produce reliable parameters for th
resonances. Table IV demonstrates that the positions
widths of the resonances show little sensitivity to the int
action potential or the nonadiabatic coupling except for
case ofJ53. The positions and widths of the resonanc
computed with theab initio potentials are systematicall
larger than those computed using the empirical potenti
The positions of all peaks in the elastic and inelastic cr
sections are shifted towards larger energies compared to
position of the corresponding resonances computed from
Q matrix.

It is instructive to compare the positions of the resonan
with the energies of the centrifugal barriers of the two sets
potentials for the He-O(3P0) interaction~Table V!. The cen-

TABLE IV. Positions~Er in cm21! and widths~G r in cm21! of
shape resonances in He-O(3P0) collisions. For notation see captio
to Table III.

J

sa se se
eld

Er G r Er G r Er G r

3 0.900 0.358 0.362 0.128 0.184 1.72431023

4 2.834 1.786 2.405 0.985 2.324 0.760
5 5.469 4.113 5.147 3.011 5.132 2.688
6 8.803 7.550 8.670 6.100 6.730 5.731
7 13.039 13.412 12.865 10.509 13.058 9.877
01270
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trifugal barriers forJ51 and J52 are very low, and any
shape resonances supported by these barriers would
very short lifetimes. Apparently, the large background co
tribution to the elastic cross sections suppresses the influ
of these broad resonances. The cross sections for inel
relaxation are much smaller and are sensitive even to
short-lived resonances. All resonances except that forJ53
are positioned at energies rightabovethe barrier and corre-
spond to quickly decaying~cf. Table IV! virtual resonance
states. The absolute magnitudes of peaks in the cross sec
stemming from these resonances must be small~cf. Table
III !. The barriers of theab initio potentials are systematicall
higher than the barriers of the empirical potentials~cf. the
relative positions of the resonances in Table IV!. The J53
resonance lies below the energy of the corresponding c
trifugal barrier and the system trapped in this resonance
decay only through tunneling or nonadiabatic relaxation
the j 52 state. TheJ53 resonance is therefore significant

TABLE V. Magnitudes ~cm21! of centrifugal maxima of the
potential corresponding to the He-O(3P0) interaction.

J

Potential

ab initio Empirical

1 0.00819 0.00785
2 0.424 0.408
3 1.194 1.154
4 2.548 2.482
5 4.635 4.526
6 7.631 7.500
7 11.826 11.268
2-6
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narrower than all other resonances and is extremely sens
to the nonadiabatic coupling.

The 3P0→3P1 relaxation of oxygen proceeds via an i
termediate stage involving thej 52 states@19#. The reso-
nance structure of the cross section is entirely determine
the resonances in the3P0→3P2 cross sections@15,16# and
the positions and widths of the resonance peaks in the3P0
→3P1 cross sections are exactly the same as shown in Fi
The absolute magnitudes of the maxima are, however,
nificantly smaller than the magnitudes of the peaks in Fig
For the quantitative illustration of this phenomenon we
clude selected calculations of positions and magnitude
the resonance peaks in the3P0→3P1 cross section in Table
III. The 3P0→3P1 transition is forbidden whenJ50 ~see
Table I! and this relaxation pathway does not affect t
s-wave dynamics of O-He collisions.

The dynamics of O(3P1)-He collisions at energies be
tween;1–20 cm21 is more complicated because there a
three values of orbital angular momentum corresponding
the initial j 51 level at fixedJ. The partial opacity cross
sections for electronic relaxation of O(3P1) defined by Eq.
~6! are presented in Fig. 6 for several values of total angu
momentum. Every cross section shows at least one r
nance. Some cross sections reveal two resonances with
propensity that the resonance lying at lower energy ha
significantly greater magnitude. The elastic cross sections
O(3P1)-He collisions presented in Fig. 7 show two res
nance enhancements with similar magnitudes for allJ values
exceptJ52. The positions and magnitudes of all observ
resonance peaks are collected in Table VI. The structur
the cross sections for He-O(3P1) collisions is considerably
more sensitive to the interaction potential than the cross

FIG. 6. Same as in Fig. 3 but for the O(3P1)-He collisions.
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tions for He-O(3P0) scattering. All resonances in the inela
tic cross sections correspond to peaking in the elastic c
sections, while there are some resonances in the elastic c
sections which do not result in enhancement of the inela
channel. In order to interpret this behavior, we present
cross sections for elastic and inelastic He-O(3P1) collisions
corresponding to differentl values at fixed total angular mo
menta in Fig. 8. At low values ofJ there are two pronounce
peaks of similar magnitude in the elastic cross sections
responding to shape resonances atl 5J21 andl 5J11 and
an even larger peak corresponding tol 5J. For all values of
J there are two peaks in the elastic cross section which h

FIG. 7. Same as in Fig. 4 but for the O(3P1)-He collisions.

TABLE VI. Positions~Em in cm21! and magnitudes~sm in Å2!
of maxima in the partial opacity cross sections for relaxation
O(3P1) by collisions-with He. For notation see caption to Table I

J

sa
el sa se

el se

Er sm Er sm Er sm Er sm

2 0.252 317.84 0.228 40.992 1.764 80.631 0.004 26
3 1.206 103.70 1.144 13.823 0.770 86.89 0.756 46

2.820 95.33 2.202 86.336 2.052 5.89
4 0.454 29.32 0.450 84.19 3.074 65.77 2.888 4.

5.612 77.57 3.276 2.72 5.358 73.66
5 2.854 74.42 2.796 5.475 2.068 84.75 2.060 15

8.846 60.761 9.082 62.03 5.976 1.54
6 6.756 44.89 6.470 1.30 5.430 51.13 5.382 1.9

12.460 46.986 13.430 50.29
7 17.174 36.204 15.236 0.665 10.816 36.21 10.404 0.
2-7
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nearly the same positions, giving together a significant c
tribution to the total cross section. The positions of the c
responding peaks in the inelastic cross sections are
separated and the small magnitudes of these two maxima
usually washed out by the large magnitude of the third re
nance peak. The relative magnitude of the cross section
responding to thel 5J21 partial wave becomes greater
high values of total angular momentum. All three resonan
in the elastic He-O(3P1) channel give rise to enhanceme
of the relaxation cross section, despite the fact that there
only two V states of He-O(3P1) directly coupled to thej
52 states~see Table I!.

IV. SUMMARY

The main results of our study of the dynamics
O(3Pj )-He scattering at low collision energies can be su
marized as follows.

~1! The complex scattering lengths for collisions

FIG. 8. Partial-wave cross sections for inelastic~left panels! and
elastic~right panels! O(3P1)-He collisions: full line,l 5J21; bro-
ken line, l 5J; dotted line,l 5J11.
an
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O(3P) with He in the limit of zero temperature are comput
with two accurate interaction potentials. The rate coefficie
for nonadiabatic relaxation of O(3P) by He have large mag
nitudes at T50 K. The cross sections for relaxation o
O(3P0) and O(3P1) at ultralow energies computed with tw
different potentials are in close agreement. The cross sect
for elastic collisions are more sensitive to the interaction
tential and differ by a factor of;1.7 in the limit of vanishing
collision velocity. The nonadiabatic transitions in the low
temperature limit are more sensitive to the nonadiabatic c
pling than to the interaction in the initial or final collisio
channels.

~2! The positions and widths of the shape resonance
He-O(3P0) collisions are determined using theQ-matrix
method, and the sensitivity of these resonances to the in
action potential and the nonadiabatic coupling is discusse
is found that most resonances are due to virtual metast
states positioned right above the energy of the centrifu
barrier. These resonances are broad and affect the
temperature dynamics of energy transfer in He-O collisio
leading to a maximum at low temperatures in the tempe
ture dependence of the rate coefficients@15#. At least one
resonance is found to be positioned below the energy of
corresponding centrifugal barrier. The system trapped in
resonance state decays by tunneling through the barrier o
nonadiabatic relaxation to thej 52 state. The enhancemen
of cross sections corresponding to this resonance is
tremely sensitive to the nonadiabatic coupling.

~3! Two resonances in O(3P0)-He collisions atJ51 and
J52 result in peaking of the relaxation cross section but
not affect the dynamics of elastic collisions. The large ba
ground contribution to the elastic cross section appare
suppresses the influence of these short-lived resonances

~4! The resonance enhancement of cross sections for e
tic and inelastic O(3P1)-He collisions is investigated and
is found that there are three shape resonances correspo
to the initial electronic angular momentum, which give ri
to an enhancement of the relaxation cross section.
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